Little is known about the effects of surgical residents' fatigue on patient safety. We monitored surgical residents' fatigue levels during their call day using (1) eye movement metrics, (2) objective measures of laparoscopic surgical performance, and (3) subjective reports based on standardized questionnaires. Background: Prior attempts to investigate the effects of fatigue on surgical performance have suffered from methodological limitations, including inconsistent definitions and lack of objective measures of fatigue, and nonstandardized measures of surgical performance. Recent research has shown that fatigue can affect the characteristics of saccadic (fast ballistic) eye movements in nonsurgical scenarios. Here we asked whether fatigue induced by time-onduty (∼24 hours) might affect saccadic metrics in surgical residents. Because saccadic velocity is not under voluntary control, a fatigue index based on saccadic velocity has the potential to provide an accurate and unbiased measure of the resident's fatigue level. Methods: We measured the eye movements of members of the general surgery resident team at St. Joseph's Hospital and Medical Center (Phoenix, AZ) (6 males and 6 females), using a head-mounted video eye tracker (similar configuration to a surgical headlight), during the performance of 3 tasks: 2 simulated laparoscopic surgery tasks (peg transfer and precision cutting) and a guided saccade task, before and after their call day. Residents rated their perceived fatigue level every 3 hours throughout their 24-hour shift, using a standardized scale. Results: Time-on-duty decreased saccadic velocity and increased subjective fatigue but did not affect laparoscopic performance. These results support the hypothesis that saccadic indices reflect graded changes in fatigue. They also indicate that fatigue due to prolonged time-on-duty does not result necessarily in medical error, highlighting the complicated relationship among continuity of care, patient safety, and fatigued providers. Conclusions: Our data show, for the first time, that saccadic velocity is a reliable indicator of the subjective fatigue of health care professionals during prolonged time-on-duty. These findings have potential impacts for the development of neuroergonomic tools to detect fatigue among health professionals and in the specifications of future guidelines regarding residents' duty hours.
T he use of extended work shifts and overtime has escalated at hospitals, especially among residents. [1] [2] [3] Little is known about the effects of long work hours on patients' safety, 4, 5 but contrary to common assumptions, 6, 7 recent evidence suggests that fatigue (ie, the mental and physical exhaustion generated by time-on-duty) does not always impair surgical performance. [8] [9] [10] [11] Studies focused on residents 12 report conflicting results, both in terms of behavioral 13 and physiological measures.
14 These contradictions arise largely from the use of nonstandardized measures of surgical performance and from inconsistent definitions and lack of objective measures of fatigue. 2 Traditionally, risk management experts have used subjective tests and questionnaires as the primary tool for evaluating the work demands imposed on physicians. 15, 16 Such questionnaires are relatively easy to administer and interpret but have methodological caveats, including the following: (1) the usual off-line administration does not allow for continuous evaluation of physicians' performance; (2) test sensitivity is generally insufficient to signal small variations in work demand; and (3) personal and motivational factors (eg, social acceptance) can bias test scores. 17, 18 Thus, the sensitivity and objectivity of work demand assessment in ecologically valid surgical scenarios remains a major challenge in the health care field. [19] [20] [21] Objective eye movement metrics have been used to differentiate novice from expert surgeons, to quantify and to study surgeons' scanning behavior, [22] [23] [24] to assess concentration during surgical performance, 25, 26 and as a measure of laparoscopic surgical skills. 27 Fatigue resulting from manipulations of the sleep/wake cycle can alter eye movements [28] [29] [30] in nonsurgical scenarios, in particular, the saccadic magnitude/peak velocity relationship. 21, 31, 32 No research has investigated the effect of fatigue on the eye movements of health care professionals, however. Here, we set out to determine the effects of time-on-duty on the saccadic eye movements of surgical residents. Because saccadic velocity is not under voluntary control, 33 a fatigue index based on saccadic velocity has the potential to provide an accurate and unbiased measure of a resident's fatigue level.
We measured the eye movements of general surgery residents before and after their call day while they performed 3 standardized tasks: 1 guided saccade task 21 and 2 surgical simulation tasks defined by the Fundamentals of Laparoscopic Surgery (FLS) manual skills test 34, 35 (peg transfer and precision cutting). The surgical simulation tasks had different difficulty levels [36] [37] : low (peg transfer) and high (precision cutting).
Time-on-duty decreased saccadic velocity and increased subjective fatigue, but it did not affect laparoscopic performance in either surgical simulation task (despite performance data and subjective reports indicating higher difficulty in the precision cutting than in the peg transfer task). Within the limitations of our study, these results support the hypothesis that saccadic indices reflect graded changes in subjective fatigue, and they, moreover, indicate that resident fatigue does not result necessarily in medical error. These findings highlight the complicated relationship between continuity of care, patient safety, and fatigued providers 10 and have potential impacts for the development of neuroergonomic tools to detect fatigue among health care professionals.
METHODS

Experimental Design
The experiment included 2 levels of fatigue determined by time-on-duty: we tested subjects precall and postcall, with each experimental session being approximately 45 minutes in duration. Each session included 2 simulated laparoscopic exercises from the FLS manual skills test 34 (peg transfer task and precision cutting task), corresponding to 2 levels of task difficulty (low and high), [36] [37] and 2 guided saccade tasks (see "Apparatus and Tasks" section). Potential practice/learning effects on the laparoscopic tasks were controlled by a Latin square design across both experimental sessions (half of the residents started with the postcall condition and the other half with the precall condition) and across the same session (half of the residents performed the precision cutting task before the peg transfer task and the other half did the opposite). Thus, the experimental design minimized the possible effects of confounding factors, including learning or series effects, and task-switching costs (ie, the costs associated with going from a complex task to an easy one). We will use the terms time-on-duty and fatigue interchangeably in this article.
Participants
Twelve general surgery residents (6 men and 6 women), constituting the entire trauma resident team for the 2011/2012 academic year at St. Joseph's Hospital and Medical Center (SJHMC, Phoenix, AZ), volunteered to participate in the study (mean age: 30 years; SD = 2.2 years). Participants included 4 junior, 3 middle, and 5 senior residents and received postgraduate training for an average of approximately 3 years (minimum: 2 years; maximum: 5 years). One resident dropped out at the beginning of the experiment (data not obtained). All participants had normal or corrected to normal vision. Subjects were nonsmokers and right-hand dominant. All subjects were naive to the aim of the experiment and participated on a 24-hour call day. They ran 2 experimental sessions: 1 precall (ie, rested) and 1 postcall (ie, fatigued). Their shift length ranged from approximately 13 to 18 hours (with a working time range of 61-79 hours per week). They reported an average 5 hours of sleep (range: 3-7 hours) before the precall session and 2 hours of sleep (range: 0-4 hours) before the postcall session. Before the experiment, residents filled in the Epworth Sleepiness Scale 38 and the Groningen Sleep Quality Scale 39 for screening purposes. The Epworth Sleepiness Scale scores indicated significant levels of excessive daytime sleepiness (mean score = 12.8, SD = 2.1) in half of the participants; the other half had normal levels (mean score = 5.7; SD = 3.1). Most residents scored lower than 3 in the Groningen Sleep Quality Scale (mean score = 2.27; SD = 1.95), however, indicating an optimal quality of sleep the night before their call day. No participants were eliminated on the basis of their Epworth Sleepiness Scale or Groningen Sleep Quality Scale scores. Subjects received $40 per experimental session. Written informed consent was obtained from each participant. The study was carried out under the guidelines of the SJHMC's Institutional Review Board and in conformity with the declaration of Helsinki.
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Apparatus and Tasks
Participants performed a guided saccade task 21 at the beginning and end of each experimental session. Subjects were instructed to follow a fixation spot on a gray computer screen. The fixation spot was composed of 2 concentric circles; the outer one was black with a 1 degree of visual angle (degree) radius and the inner one was white with a 0.25-degree radius. Residents made saccades starting from 4 randomly selected locations (each of the 4 corners of a square centered on the middle of the monitor with 22.5-degree side length) of 7 randomly selected sizes (measured from the starting location; 7.5 degrees, 10 degrees, 12.5 degrees, 15 degrees, 17.5 degrees, 20 degrees, or 22.5 degrees) and in 3 randomly selected directions (vertical, horizontal, or diagonal). There were thus 84 = 4 × 7 × 3 possible guided saccades. The guided saccade sequences were exactly the same in the 2 experimental sessions, thus the saccade magnitude distributions were equal in both sessions. This task lasted 8 minutes for a total of 16 minutes of recorded data for both the precall and postcall sessions. After completing the first guided saccade task, participants performed 2 simulated laparoscopic tasks from the FLS (Society of American Gastrointestinal Endoscopic Surgery) 34 manual skills test, using the FLS training toolbox (Fig. 1 ). In the peg transfer task, participants used Maryland graspers to pick up 6 rings with their left hand, 1 at a time, from the left side of the pegboard, transferred them to a pair of graspers in their right hand, and placed them on the right side of the pegboard. After transferring all 6 rings from left to right, they reversed the process, transferring the rings from right to left hand and right to left side of the pegboard. The task always started with the left hand and the maximum time allowed was 300 seconds. Each transfer failure due to dropping the peg outside the field of view added a penalty of 120 seconds to the total execution time. In the precision cutting task, participants cut out the biggest circle from a 10 × 10 cm piece of gauze with 2 premarked concentric circles (5-cm and 6.5-cm diameter), suspended between 4 alligator clips. Residents used 1 pair of Maryland graspers and 1 pair of endoscopic scissors to perform this task. The maximum time limit was 300 seconds. Not finishing FIGURE 1. Experimental setup. Participants used the FLS box simulator for the laparoscopic tasks. The position of the simulator box was fixed (C). A USB Web camera (iREZ K2r USB; GlobalMedia Group, LLC; 640 × 480 pixel resolution) fixed to the inside of the FLS box displayed the laparoscopic task area on the center of a computer monitor (28.2 degrees × 21.1 degrees display area) facing the subject. The operating table's height was fixed at 87 cm, but participants could stand on a variable step if necessary. The monitor was mounted on a video cart and positioned about 170 cm above the floor level and about 57 cm from the participants' eyes. The EyeLink II helmet-mounted eye tracker (A) measured the subjects' eye movements. Adapted with permission from Rogers et al.
the cutting added a penalty of 120 seconds to the total execution time. All experimental tasks were performed in a darkened and quiet room.
Procedure
Each precall session took place between 5:30 AM and 9:30 AM and each postcall session took place between 6:00 AM and 11:30 AM. The 2 sessions took place within an approximately 24-hour period. Previous to the beginning of the first experimental session, we recorded the age, sex, hand dominance, and years of laparoscopicoperating experience for each resident. Then, each participant watched a standardized video on how to use the FLS box. Setup of the eye-tracking system followed the training session. An instruction screen indicating the type of task to be performed preceded each experimental task, and the eye tracker was calibrated at the beginning of every task. Residents did not rest between tasks, except to answer the questionnaires described later. We used custom code and the Psychophysics Toolbox to create and display the visual stimuli. 41 
Questionnaires to Assess Fatigue Induced by Time-on-Duty
We asked participants to fill in 2 questionnaires at the beginning of each experimental session to evaluate the effectiveness of the fatigue-inducing manipulation: the Stanford Sleepiness Scale (SSS) 42 and an adapted version of the Borg rating of perceived exertion. 43 The SSS provided a global measure of sleepiness, and the Borg rating of perceived exertion indicated the level of fatigue. Residents continued to fill in the Borg scale every 3 hours from the start of their call day (8 measuring times) to control for potential diurnal fluctuations of fatigue. We used the NASA-Task Load Index (NASA-TLX) questionnaire 44 as an indicator of the degree of task complexity that participants experienced while performing the laparoscopic tasks, only during the first experimental session, irrespective of experimental condition (ie, pre/postcall session). Thus, half of the subjects filled the NASA-TLX during the postcall session and the other half during the precall session. The NASA-TLX is a multidimensional rating scale with 6 bipolar dimensions: mental demand, physical demand, temporal demand, own performance, effort, and frustration. The first 3 dimensions (mental demand, physical demand, temporal demand) reflect task-related factors such as task complexity. 44, 45 Residents filled in the Self-Assessment-Manikin scale 46 (valence and arousal scales) to assess their emotional state at the beginning of each experimental session.
Eye Movement Recordings and Analyses
We sampled eye movements binocularly at 500 Hz using the Eyelink II helmet-mounted eye tracking system (SR Research, Ontario, Canada), with a resolution of 0.01-degree root mean square. See the recent work by Richstone et al 27 for a detailed description of the Eyelink II system. We identified and removed blink periods as portions of the Eyelink II raw data where pupil information was missing. We also removed portions of data where very fast decreases and increases in pupil area occurred (>50 units/sample; such periods are probably semi-blinks where the pupil is never fully occluded). 48, 49 We added 200 ms before and after each blink/semi-blink to eliminate the initial and final parts where the pupil was still partially occluded. 48, 49 Saccades were identified with a modified version of the algorithm developed by Engbert and Kliegl 47,50-53 with λ = 6 (threshold used for saccade detection) and a minimum saccadic duration of 6 ms. To reduce the amount of potential noise, we considered only binocular saccades, that is, saccades with a minimum overlap of one data sample in both eyes. [50] [51] [52] [53] [54] Additionally, we imposed a minimum intersaccadic interval of 20 ms so that potential overshoot corrections might not be categorized as new saccades. 55 .
Saccadic Slope Analysis
We analyzed the slope of the saccadic peak velocity-magnitude relationship 31, [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] to investigate the potential effects of time-on-duty on saccadic dynamics. 61 We assumed a power-law relationshiprather than a linear one-between saccadic magnitude and peak velocity, because the average r 2 was higher for the linear fits of the log-transformed data (0.93) than for the linear fits of the raw data (0.84). Thus, to obtain the slope for each peak velocity-magnitude relationship, we performed robust linear regressions (using the robust fit function in (The Mathworks, Inc., Natick, MA)) on the log-transformed data for each subject. That is, we did a robust linear regression on the following: ln(peak velocity) = m ln(magnitude) +b, which assumes the power-law, peak velocit y = e b (magnitude) m Here, b is the y-intercept and m is the slope.
The different experimental tasks induced varying saccadic dynamics (see Supplemental Digital Content Table S2 , available at http://links.lww.com/SLA/A479). To evaluate saccades with equivalent parameter (magnitude, peak and mean velocity, duration) distributions and to avoid confounding factors from potentially varying visual strategies used in each task, we compared saccades across the precall and postcall versions of the same task. That is, we compared saccades made during the precall-guided saccade task with saccades made during the postcall-guided saccade task, saccades during the precall peg transfer task with saccades during the postcall peg transfer task, and finally saccades during the precall peg precision cutting task with saccades during the postcall peg precision cutting task.
Performance Data
We used the time to complete the tasks (execution time) as an indicator of the effect of fatigue on laparoscopic procedures. Being aware that "a fast surgeon is not necessarily a good surgeon," 62 we also assessed the residents' performance during the laparoscopic tasks. One of SJHMC's expert attendants (author J.A.M.) evaluated the recordings using a modified version of the rating scale for operative performance. 63 A single-blind process was adopted to avoid potential ranking bias.
Statistical Analyses
To analyze the effect of time-on-duty, we calculated separate single-factor mixed linear models (1 for each dependent variable: peak velocity-magnitude relationship slope, Borg, SSS, Self-AssessmentManikin scales) with the 2 measuring times (precall vs postcall) as the within-subjects factor. To study the effect of time-on-duty on laparoscopic performance (ie, execution time and expert evaluation data) we also considered the variable task (2 task difficulty levels: peg transfer [low] and precision cutting [high]). We included the laparoscopic procedure training level and the number of years of postgraduate training as covariates in all calculated models. Finally, we conducted a single-factor repeated measures analysis of variance for the NASA-TLX data with the task as the within-subjects factor. We conducted power analyses (Graphpad Statmate version 2.0) of all results lacking statistical significance to ensure their validity, and that the subject pool size was sufficient.
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RESULTS
We determined the effect of time-on-duty on the saccadic eye movements, surgical performance, and subjective fatigue of surgical residents. Residents performed 3 tasks during 2 experimental sessions before and after their 24-hour call day: 2 standardized simulated laparoscopic tasks (peg transfer and precision cutting) and a guided saccade task (twice, at the beginning and at the end of each experimental session).
Effect of Time-on-Duty on Saccadic Eye Movements and Surgical Performance
Saccadic peak velocity-magnitude relationship slopes decreased with increased time-on-duty during the guided saccade task (F 1,10 = 5.5, P = 0.04; mean precall = 0.634, SD = 0.037; mean postcall = 0.619, SD = 0.029), indicating decreased saccadic velocity with increased fatigue in surgical residents (Fig. 2 and Supplemental Digital Content Fig. S1 , available at http://links.lww.com/SLA/A479; for additional analyses on the effects of time-on-duty on saccadic parameters during task performance, see Supplemental Digital Content Table S2 , available at http://links.lww.com/SLA/A479). These data are consistent with previous reports of the effects of fatigue on saccadic metrics, 17, 19 now applied, for the first time, to the health care field.
Time-on-duty did not affect the saccadic peak velocitymagnitude relationship slopes during the 2 laparoscopic tasks, however (all F values < 1) (for further details on the effects of timeon-duty and task complexity on saccadic parameters during task performance, see Supplemental Digital Content Table S2 , available at http://links.lww.com/SLA/A479). Participants may have compensated for the effects of fatigue during laparoscopic performance by increasing their arousal. 61 This possibility is consistent with previous research showing that residents can overcome the results of . Insets: average slopes across all subjects for each experimental session. Error bars represent the SEM across subjects (n = 11).
* indicates statistically significant differences between the precall and postcall session, P < 0.05. fatigue during brief and familiar psychomotor tasks when they are aware that their performance will be evaluated. 12, 65 In agreement with this hypothesis, peak velocity-magnitude slopes were higher during the laparoscopic tasks (mean values: 0.68, SD: 0.04) than during the guided saccade task (mean values: 0.63, SD: 0.03); for more details, see Supplemental Digital Content Table S2 , available at http://links.lww.com/SLA/A479.
Laparoscopic procedure training level and years of postgraduate training were not significantly related to the change (or lack thereof) in saccadic peak velocity-magnitude relationship slope (all F values < 1), during either the guided saccade or the laparoscopic tasks.
Time-on-duty did not affect surgical performance: execution times and expert evaluations of task performance were stable across the 2 experimental sessions (see Table 1 and Supplemental Digital Content Table S1 , available at http://links.lww.com/SLA/A479; all F values < 1). Power analyses revealed a power level in excess of 80% for all measures, indicating that our subject pool size was sufficiently large to support the conclusion that time-on-duty did not diminish surgical performance significantly. 64 Laparoscopic procedure training level and the number of years in postgraduate training did not significantly affect performance (all F values < 1).
Higher levels of unhappiness in sleep-deprived residents are known to be correlated to improved performance in short psychomotor tasks. 12 Accordingly, participants in the current study were less happy and less activated (lower valence and lower arousal on the Self-Assessment-Manikin scales) in the postcall session than in the precall session (F 1, 10 = 7.6, P = 0.02 and F 1,10 = 3.2, P = 0.10; see Table 2 ).
Perceived task complexity was higher for the precision cutting than for the peg transfer task (F 1,10 = 11.7, P = 0.006; NASA-TLX questionnaire: mean precision cutting = 52.65, SD = 14.44; mean peg SSS values range between 0 and 7. Borg's perceived exertion scale scores range between 6 and 20. For both scales, higher scores indicate more subjective tiredness. The Self-Assessment-Manikin uses a 9-point scale to rate valence and arousal. Values range between 1 and 9, with higher scores indicating higher valence/arousal. The mean and standard deviation of the SSS, BORG, and SAM scales were calculated from all residents (n = 11).
* Statistically significant differences across the precall and postcall sessions, all P values < 0.02. Nonparametric statistics (ie, Wilcoxon matched pairs tests) produced equivalent results. SAM indicates Self-Assessment-Manikin; SSS, Stanford Sleepiness Scale. 
Effect of Time-on-Duty on Perceived Fatigue
Subjective fatigue (as expressed by the Borg scale) increased linearly across the 24 hours of shift (F 1,9 = 15.9, P = 0.003-answers obtained from 10 residents out of 12). Accordingly, residents felt more tired during the postcall than the precall session (F 1,10 = 39.9, P = 0.00009 and F 1,10 = 23.1, P = 0.00071, respectively; SSS and Borg scales; see Table 2 ). Within the limitations imposed by subjective reports, 18, 32 these results indicate that the time-on-duty manipulation was successful, that is, residents experienced higher levels of fatigue with time-on-duty. Laparoscopic procedure training level and years of postgraduate training were not significantly related to subjective fatigue (all F values < 1).
DISCUSSION
We examined the effect of time-on-duty on the saccadic metrics, laparoscopic performance, and subjective fatigue of surgical residents. Our results show that time-on-duty increases subjective fatigue and modulates the saccadic peak velocity-magnitude relationship (saccadic peak velocity decreased with fatigue) of surgical residents during standardized oculomotor testing, but it does not affect surgical performance or the related eye movement dynamics significantly. No previous studies have examined the effects of time-on-duty on the eye movement metrics of health professionals.
Understanding the factors that affect eye movement metrics is crucial to determining their cognitive and perceptual consequences. 66 Our study provides concrete evidence that time-on-duty affects the eye movement metrics of surgical residents. Time-on-duty modulated the saccadic peak velocity-magnitude relationship in a manner consistent with previous observations in laboratory and non-health care scenarios. 21, 30 A physiologically plausible explanation for the effects of fatigue on eye movements has been provided recently. 21, 32, 61 Changes in attentional processing (ie, due to fatigue) can affect the strength of excitatory connections from the frontal cortex to the brainstem reticular formation, 67 thus modifying the characteristics of the peak velocity-magnitude relationship. It follows that fatigue may affect saccadic velocity via the inhibitory connections from the sleep-regulating centers and the superior colliculus to the reticular formation and cerebellum. The present experiment was conducted in conditions of partial sleep deprivation; thus variations in saccadic velocity may be related to the activation of the brain's sleep centers. Consistent with this idea, there was an increase in subjective sleepiness after the approximately 24-hour call day, associated to a reduced level of arousal. Thus, the present results support the hypothesis of a sleep/wake cycle influence on fatigue-induced decreases in saccadic velocity. 53 Our finding that time-on-duty did not impact surgical performance or the related eye movement dynamics is consistent with the hypothesis that fatigued residents are not a main source of medical error 10, 68 and highlights the complicated relationship between continuity of care, patient safety, economical factors, and fatigued medical providers. 69 We must note that residents may compensate for high levels of fatigue during short familiar psychomotor tasks when they know that they are being tested, however, 12, 65 maybe by increasing their arousal. 61 Because residents were familiar with the standardized laparoscopic tasks presented, their performance may have been more resistant to the effects of extended time-on-duty than that in alternative unfamiliar tasks or in tasks dependent on analytical, rather than visuomotor, abilities. Future research should investigate fatigued residents in novel and/or longer duration tasks that require sustained vigilance (eg, using a dual-task paradigm 70 or working memory tasks) 71, 72 and/or are interrupted by unexpected emergency situations.
CONCLUSIONS
Saccadic eye movements are a reliable indicator of subjective fatigue in surgical residents after a 24-hour call day. These findings have potential impacts for the development of neuroergonomic tools to monitor fatigue in health care professionals and in the specifications of future guidelines and fit-for-duty standards regarding resident work hours.
